A computational analysis in a rotary regenerative air preheater subject to pre-established mass flow rate is performed. The heat transfer rate, the pressure drop and the outlet temperatures of gas streams are calculated from different matrix porosity values. The fluid flow and the convective heat transfer coefficient are determined from correlations. The total heat transfer is obtained using the Effectiveness-NTU method specific to regenerative air preheaters. Three typical regenerative air preheaters with both streams under the laminar flow regime are investigated. A range of porosity values that provide good thermal exchange and low pressure drop in the equipment is chosen for each examined air preheater. The behavior of the outlet temperatures of each gas stream as function of porosity is also analyzed. The results show that the porosity ranges shorten when the typical pressured drop values for each regenerative air preheater are introduced in the analysis. In addition, the behavior of the outlet temperatures is compatible with the behavior of the heat transfer rate as the porosity changes. JENRR, 2(4): 1-15, 2019; Article no.JENRR.48540 2
NOMENCLATURE

INTRODUCTION
Regenerative air preheater is used in many heat recovery systems. Its range of applications encompasses refrigeration systems, ventilation plants, thermal comfort, power plant boilers, recovery of waste thermal energy and a number of situations where the availability of the energy does not chronologically coincide with demand [1] .
Over the years, researchers have focused efforts on improving this heat exchanger due to some of its advantages such as compactness, efficiency, economy and high flexibility. The studies found in the literature incorporate different aspects of the equipment. The pioneer works about the regenerative air preheater were essentially experimental with investigations that mainly included the effectiveness, the thermal exchange and the pressure drop [2] [3] [4] [5] . Later studies include aspects of the equipment such as mathematical modeling and numerical analysis [6] [7] [8] [9] , mass transfer [10] [11] [12] [13] , leakage control [14] [15] [16] , thermodynamic analysis [17] [18] [19] , rotational speed of the matrix [20] [21] and geometry of matrix ducts [22] [23] [24] [25] .
Groups of researchers have also been conducted recent studies about regenerative preheaters. Wang et al. [26] developed the thermal hydraulic calculation program integrated with the multi-objective and single-objective genetic algorithms to perform design optimizations of regenerative air preheaters used in the coal-fired power plants. Herraiz et al. [27] investigated the use of rotary regenerative heat exchangers for the dry cooling of flue gases in combined cycle gas turbine plants equipped with post-combustion carbon capture. Sheng and Fang [28] experimentally investigated the effect of moisture on the air cleaning performance of a desiccant wheel with the objective to guide practical operation of clear air heat pump. Mohammadian Korouyeh et al. [29] evaluated the heating, cooling and electrical demands of a residential tower for Iran various weather conditions and the outlet air condition of the desiccant wheel was modeled based on the operational parameters by applying genetic algorithm. Kwiczala and Wejkowsk [30] verified the effectiveness of the hybrid flue gas denitrification system which involved the retrofitting for selective catalytic reduction material into a regenerative rotary air heater. The intent of the study was to provide a platform where the technology can be implemented on full scale air preheaters. Nguyen and Oh [31] evaluated and compared the heat transfer performance of a rotary regenerators made of metals and polymers. The rotary regenerator was used to preheat incoming fresh air with waste heat recovered from exhaust flue gas in a thermal power plant. Chen et al. [32] proposed a different configuration of desiccant dehumidification process in which a low energy cost dehumidification process using cascading desiccant wheels that can produce dehumidified air with a dew point of −40 ∼ 0°C was considered. Bu et al. [33] presented the detailed analysis of the overall operation and performance of the novel rotary air preheater system and the effects of the operational and structural parameters by means of a numerical finite difference method. Jiang et al. [34] evaluated the operation of air preheater from the influence of denitrification system on the operation of air preheater, the calculation of air leakage rate of air preheater and the evaluation of low temperature corrosion for air preheater. Zhang et al. [35] established a three-dimensional numerical model of quad-sectional air preheater based on FLUENT software. The accuracy of the model was verified by comparing with actual operation conditions. Sha et al. [36] proposed a new framework of data-driven state monitoring approach for the thermal power plant devices and identified various air leakage states accurately and efficiently on operating data of a rotary air preheater. Zhang et al. [37] proposed an online applicable approach to estimate the direct leakage of the rotary air preheater based on temperature distribution modeling for improving the safe and economic operation of the unit. Nourozi et al. [38] investigated the energy performance of a mechanical ventilation with heat recovery system combined with an air preheater in a multi-family house and a sensitivity analysis of energy wheel efficiency was implemented in different cases. Shi et al. [39] proposed a comprehensive approach for optimization of soot-blowing of air preheater in a coal-fired power plant boiler. The approach combined online modeling of heat transfer efficiency to monitor the fouling level, statistical fitting to characterize the dynamics of cleanliness factor, and soot-blowing optimization aiming at steam consumption conservation.
There are many studies carried out concerning to regenerative air preheater but analysis from the matrix porosity are found in a few works [40] [41] [42] [43] [44] . However, a literature review reveals contemporary studies involving energy transport in porous elements associated with other component or equipment, such as investigations covering thermal analysis of nanofluids flow over permeable stretching sheets [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . The present work focuses on the porous matrix of a rotary regenerative air preheater. The goal is simultaneously to analyze the effects of matrix porosity on heat transfer and pressure drop in the equipment with both gas streams. The difference to previous studies as well as the contribution of the present study is this simultaneous analysis from matrix porosity. The main intention with this study is to select a range of porosity values that provide good thermal exchange and low pressure drop in the air preheater and analyze the behavior of the outlet temperatures of each gas stream as function of porosity.
PROBLEM DESCRIPTION AND METHODOLOGY
Characterization of the Regenerative Air Preheater
The schematic of the regenerative air preheater is show in Fig. 1 . Two gas streams are introduced counter flow-wise through the parallel ducts of the air preheater. Cold gas is injected inside one duct and hot gas inside the other. The porous matrix, that stores energy, continuously rotates through these parallel ducts. The matrix receives heat from the hot gas on one side and transfers this energy to the cold gas on the other side. The matrix channels were assumed smooth. The fluid velocity was considered constant inside each channel.
Some geometric parameters can be expressed based on Fig. 1 . The total frontal cross-sectional area T A is determined by the sum of the free flow cross-sectional area A and the matrix crosssectional area m A of the air preheater
The matrix porosity  is defined by the ratio between A and
The hydraulic radius h r is defined by the ratio between A and the perimeter P of the plates that compose the matrix. The matrix perimeter can be written as function of the matrix cross-
where h D and e are the matrix duct hydraulic diameter and the matrix duct wall thickness, respectively.
The porosity and the hydraulic radius are dependent on each other and influence the thermal exchange in the regenerative air preheater. The hydraulic radius can be written as function of the porosity and the matrix duct wall thickness from the definitions above and algebraic manipulations 
The hydraulic radius is an important parameter and its use is justified in the correlations for friction factor and Nusselt number. Since the geometric characteristics of the regenerator are known, the heat transfer in the equipment can be calculated using the Effectiveness-NTU method for rotary regenerators.
Effectiveness-NTU Method for Regenerative Air Preheaters
The Effectiveness-NTU method for regenerative air preheaters [61] consists of calculating the effectiveness 0 ε of a conventional counterflow heat exchanger and correcting this effectiveness by a correction factor r  that takes into account the rotational speed and the matrix heat capacity rate of the exchanger. Thus, the effectiveness of the regenerator r ε is given by
The effectiveness 0 ε of a conventional counterflow heat exchanger is defined by
where * C is the ratio between the fluids heat capacity rates and NTU is the number of heat transfer units defined as follows
where h is the convective heat transfer coefficient and 
where r C is the matrix heat capacity rate, n is the matrix rotational speed, m m is the matrix mass and m c is the specific heat of matrix.
Finally, the total heat transfer Q in the air preheater is obtained in the same way as the Effectiveness-NTU method for conventional heat exchangers
where max Q is the maximum possible heat transfer and the term between parenthesis corresponds to the difference between the inlet temperature of the hot stream and the inlet temperature of the cold stream.
Hydrodynamic and Thermal Analysis
The hydrodynamic and thermal analysis are performed for each gas stream. The pressure drop in the matrix ducts and the convective heat transfer coefficient are obtained from correlations for Darcy friction factor f and Nusselt number Nu . Correlations for smooth ducts with circular cross-sectional area were used based on the hydraulic diameter of matrix ducts for laminar flow regime. The correlations take into account hydrodynamically fully developed flow with thermal entrance length and constant wall temperature boundary condition. 
Where V , ρ and k are the fluid velocity, the fluid density and the fluid thermal conductivity, respectively.
Fluid and Matrix Properties
The fluid properties were obtained at the average temperature of each gas stream. The fluid density for gases with moderate values of pressure and temperature is well represented by the equation of state of an ideal gas
Where p is the pressure of fluid, T is the average temperature of gas stream and R is the ideal gas 
Where S is the Sutherland constant temperature, which is characteristic of each gas. 
The matrix properties of the regenerative air preheater were assumed constant. The AISI 1010 low alloy carbon steel and the 2024-T6 aluminum alloy materials were considered for the matrix. Table 1 shows the matrix properties used in this study, where m c and m ρ are the specific heat and the density of matrix, respectively.
Computer Program
A computer program written in C programming language was developed for the simulation of regenerative air preheater. The Dev-C++ software was used for compilation and recording results. Three typical sizes of equipment were simulated: Small, medium-sized and large. The material AISI 1010 low alloy carbon steel was used for the medium-sized and the large heat exchangers in the simulations. The 2024-T6 aluminum alloy was used for the small air preheater. The total heat transfer in the air preheater, the pressure drop and the outlet temperatures of gas streams were calculated for different porosity levels of the matrix from the prescribed mass flow rate for each gas stream. The other geometric parameters of the equipment were fixed.
An iterative process was used to obtain the fluid flow and the heat transfer. An outlet temperature values of each stream was assumed at the beginning of this process. Then, the fluid properties were evaluated at the average temperature of each gas stream. Based on these properties, the fluid flow and the heat transfer were obtained from correlations and the Effectiveness-NTU method for regenerative air preheaters. The iterative process continued until convergence of the outlet temperatures for both streams. The whole process was repeated for each assumed matrix porosity value. The subrelaxation factor of 0.5 was used to the convergence of the outlet temperature values. The tolerance for convergence iterative procedure was adjusted as 10 -3 for the outlet temperatures. The calculations were performed considering the steady-periodic condition of the regenerator, indicating that the temperatures no longer changed in any angular or axial position of the matrix. The schematic diagram of the calculation process is shown in Fig. 2 .
In order to check the reliability of the developed computer program, the outlet temperatures of gas streams were calculated at a medium-sized rotary regenerator with corrugated ducts. The results were compared with field data of a regenerative air preheater in operation at the PETROBRAS petroleum refinery of Paulínia city. The operational conditions and geometric dimensions of this PETROBRAS air preheater are found in Mioralli [64] . Table 2 shows the comparison between the results of the present study and the field data. It is observed that the results are in reasonable agreement with a greater difference for the hot outlet temperature values.
RESULTS AND DISCUSSION
The input data of the developed computer program are listed in Table 3 . The operational conditions of the regenerative air preheaters are based on information from literature and industry. The simulations were carried out from different porosity values in the range of 0.2 up to the last value required to preserve both gas streams inside the equipment under the laminar flow regime.
Thermal Exchange and Pressure Drop Analysis
Graphs with the heat transfer rate and the pressure drop as function of porosity are shown for each regenerative air preheater. The heat transfer rate increases and the pressure drop decreases as the porosity increases for all analyzed cases. In this study is assumed as good thermal exchange a heat transfer value whose reduction is less than 30% when compared with the highest heat transfer rate (obtained for 0.2 σ  ) in the simulated cases. In addition, the typical low pressure drop values for each regenerative air preheater are supposed according reference [65] . Fig. 3 shows the total heat transfer in the small regenerative air preheater and the pressure drop of both gas streams as function of matrix porosity. The heat transfer in the equipment begins to decrease more significantly for 0.5 σ  . The low pressure drop for both gas streams occurs for 0.6 σ 
. Based on Fig. 3 Analogously to the cases for small and mediumsized regenerative air preheaters, Fig. 7 shows the total heat transfer in the large regenerative air preheater and the pressure drop of both gas streams as function of matrix porosity. The heat transfer rate in the equipment greatly decreases for 0.77 σ  and the low pressure drop for both gas streams occurs for moves to the right on the abscissa axis as the dimensions and typical operational conditions of the regenerative air preheaters increase. It is also observed that the chosen porosity ranges for the three simulated cases are relatively narrow.
The porosity ranges could be extended if higher pressured drop values in the heat exchanger were considered. However, this would imply higher pumping power and energy costs. On the other hand, the porosity ranges could be shortened if the desired reduction in the heat transfer rate was less than 20% or 15% when compared to the highest heat transfer obtained for 0.2 σ  .
Outlet Temperatures Analysis
The behavior of the outlet temperatures of cold
streams as function of matrix porosity is shown in Fig. 9 for the three typical regenerative air preheaters. The outlet temperatures remain approximately equal to 0.60 σ  for small heat exchanger and 0.72 σ  for medium-sized and large regenerative air preheaters because these porosity values imply a larger thermal exchange area and high heat transfer rate. The hot stream experience the greatest temperature change and the hot outlet temperature is closer to the cold inlet temperature. The mass flow rate strongly contributes to this since the mass flow rate of the hot stream is lower than that of the cold stream for all cases. On the other hand, the cold outlet temperature is lower than the hot inlet temperature for the three simulated preheaters taking into account the porosity values that maintain the outlet temperatures approximately equal: Lastly, the results shown in Fig. 9 are compatible with those of Figs. 3, 5 and 7. The difference between the cold and hot outlet temperatures begins to decrease in Fig. 9 for porosity values close to those in which the heat transfer rate starts to decrease in Figs. 3, 5 and 7.
CONCLUSION
Three typical regenerative air preheaters were computationally investigated from the preestablished mass flow rate for each gas stream of the equipment and different matrix porosity values. The outlet temperatures of gas streams were also analyzed as function of matrix porosity. The conclusions can be summarized as follows:
 A porosity range that provide good thermal exchange and low pressure drop was chosen for each simulated typical regenerative air preheater.  The amplitude of porosity ranges is determined by the desired limits for the heat transfer rate and the pressure drop in the equipment. The porosity ranges shorten when the typical pressured drop values for each regenerative air preheater are introduced in the analysis.  The selected ranges of porosity values that provide good thermal exchange and low pressure drop moves to the right on the porosity axis as the dimensions and typical operational conditions of the regenerative air preheaters increase. Moreover, the chosen porosity ranges for the three simulated cases are relatively narrow.  The behavior of the outlet temperatures is compatible with the behavior of the heat transfer rate for the three simulated regenerative air preheaters. The difference between the cold and hot outlet temperatures begins to decrease for porosity values close to those in which the heat transfer rate starts to decrease.  The results can help define operational conditions of regenerative air preheaters in search of better performance.
